The radiative process responsible for gamma-Ray Burst (GRB) prompt emission has not been identified yet. If dominated by fast-cooling synchrotron radiation, the part of the spectrum immediately below the νF ν peak energy should display a power-law behavior with slope α 2 = −3/2, which breaks to a higher value α 1 = −2/3 (i.e. to a harder spectral shape) at lower energies. Prompt emission spectral data (usually available down to ∼ 10−20 keV) are consistent with one single power-law behavior below the peak, with typical slope α = −1, higher than (and then inconsistent with) the expected value α 2 = −3/2. To better characterize the spectral shape at low energy, we analyzed 14 GRBs for which the Swift X-ray Telescope started observations during the prompt. When available, Fermi-GBM observations have been included in the analysis. For 67% of the spectra, models that usually give a satisfactory description of the prompt (e.g., the Band model) fail in reproducing the 0.5 − 1000 keV spectra: low-energy data outline the presence of a spectral break around a few keV. We then introduce an empirical fitting function that includes a low-energy power law α 1 , a break energy E break , a second power law α 2 , and a peak energy E peak . We find α 1 = −0.66 (σ = 0.35), log(E break /keV) = 0.63 (σ = 0.20), α 2 = −1.46 (σ = 0.31), and log(E peak /keV) = 2.1 (σ = 0.56). The values α 1 and α 2 are very close to expectations from synchrotron radiation. In this context, E break corresponds to the cooling break frequency. The relatively small ratio E peak /E break ∼ 30 suggests a regime of moderately fast cooling, which might solve the long-lasting problem of the apparent inconsistency between measured and predicted low-energy spectral index.
INTRODUCTION
The origin of prompt emission from gamma-ray bursts (GRBs) is still a mystery and represents one of the most pressing questions in GRB studies. The nature of both the dissipation and radiative mechanisms has not been firmly identified yet. This lack of knowledge on what is powering and shaping the prompt radiation is strictly related to a series of open questions about fundamental properties of GRBs, such as the jet composition, the location of the dissipation region, the efficiency and nature of the acceleration mechanism, and the strength and properties of the magnetic field in the emission region. Even though the most natural radiative process expected to dominate the emission is synchrotron radiation (Katz 1994; Rees & Mészáros 1994; Sari, Narayan & Piran 1996; Sari, Piran & Narayan 1998; Tavani 1996) , the inconsistency between the observed spectral shape at low energies and predictions from the synchrotron theory represents a serious challenge for this interpretation. As inferred from the spectral analysis, the photon index α describing the data at low energy (i.e. below the νF ν peak energy) is distributed around a typical value α ∼ −1, higher than the value expected in the case of fast-cooling synchrotron radiation (Cohen et al. 1997; Crider et al. 1997; Preece et al. 1998; Ghisellini et al. 2000) . This result is independent of the spectral function adopted to fit the spectra (e.g., cutoff power law, smoothly broken power law, Band function), and it has been found to be similar from the analysis of the spectral data collected by different instruments (Preece et al. 1998; Frontera et al. 2000; Ghirlanda et al. 2002; Kaneko et al. 2006; Nava et al. 2011; Goldstein et al. 2012; Gruber et al. 2014; Lien et al. 2016; Yu et al. 2016) .
The problem has been widely discussed in the literature. The proposed solutions can be classified into two types: models that invoke emission mechanisms different than synchrotron radiation, and models that propose modifications to the basic synchrotron scenario. Among the first class of models, we recall scenarios invoking Comptonization and/or thermal components Blinnikov et al. 1999; Ghisellini & Celotti 1999; Lazzati et al. 2000; Mészáros & Rees 2000; Stern & Poutanen 2004; Rees & Mészáros 2005; Ryde & Pe'er 2009; Guiriec et al. 2011 Guiriec et al. , 2015a Guiriec et al. ,b, 2016a Ghirlanda et al. 2013; Burgess et al. 2014) . For the second class of models (studies that consider synchrotron radiation) effects producing a hardening of the low-energy spectral index have been invoked, such as Klein-Nishina effects, marginally fast cooling regime, and anisotropic pitch angle distributions (Lloyd & Petrosian 2000; Derishev 2001 Derishev , 2007 Bosnjak et al. 2009; Nakar et al. 2009; Daigne et al. 2011; Uhm & Zhang 2014) . In spite of all theoretical efforts, there is still no consensus on the origin of the prompt emission. The advantages and difficulties of some of these models have been recently reviewed by Kumar & Zhang (2015) . In spite of all theoretical efforts, there is still no consensus on the origin of the prompt emission.
Theoretical studies would benefit from a better characterization of prompt spectra, especially in the lowenergy part, where observations are in contradiction with the synchrotron theory. In this work, we collect a sample of 14 GRBs for which the X-Ray Telescope (XRT, 0.3-10 keV), on board the Swift satellite, started observations during the prompt emission, observed in the range 15-150 keV by the Burst Alert Telescope (BAT). For these GRBs, we perform spectral analysis of the prompt emission from 0.5 keV to 150 keV, thanks to the joint analysis of XRT and BAT data, and from 0.5 keV to 1 MeV when observations from the Fermi Gamma-Ray Burst Monitor (GBM) are available. We find that the spectrum below ∼ 10 keV does not lie on the extrapolation of the low-energy power law of the Band function (or similar functions that usually provide a satisfactory description of prompt spectra), but a spectral break around a few keV is required by the low-energy data.
The paper is organized as follows: In Section §2 we describe the sample selection. In Section §3 we summarize the method and procedure adopted to extract the data and perform the spectral analysis. The results are presented in Section §4, and discussed in Section §5. The main findings of this work are summarized in Section §6.
SAMPLE SELECTION
In order to extend the characterization of prompt spectra down to the soft X-ray band, we selected a sample of GRBs for which the prompt emission (or part of it) has been observed by the XRT in the 0.3-10 keV range, in addition to the BAT in the 15-150 keV energy range. To this aim, we inspected the XRT light curves of all events detected up to 2016 January reported in the online Swift-XRT GRB catalog 1 (Evans et al. 2009 ). The online tool automatically identifies the presence of pulses (defined as statistically significant positive deviations from an underlying power-law emission) and returns the time intervals where the pulses are present. This selection resulted in 329 GRBs with at least one significant pulse in X-rays.
The scope of the sample selection is to find GRBs with simultaneous signal in the XRT and BAT instru- ments that can be combined for a joint spectral analysis. We then checked whether for these 329 GRBs the emis-sion detected by the XRT was simultaneously observed also by the BAT. To this aim, we extracted backgroundsubtracted count rate BAT light curves in the energy range 15-150 keV. First, using the batgrbproduct tool, we estimated the bust duration T 100 , which corresponds to the duration that contains 100% of the burst emission. Then, we estimated the count rate outside the T 100 time interval and found that its value is always smaller than ∼ 0.01 counts/s/detector, which is then chosen as reference value. Adopting as initial time the starting time of XRT observations, we applied the Bayesian block algorithm (Scargle 1998) to identify the possible presence of significant changes in the BAT signal during the XRT-detected emission, by requiring a BAT count rate higher than 0.01 counts/s/detector. This selection resulted in 77 GRBs with simultaneous signal detected by the BAT and the XRT. Since the goal of our study is to perform reliable spectral analysis combining BAT and XRT data, we further limited the sample: we required it to have at least four time bins with BAT signal-tonoise ratio (S/N ) larger than 30 during the time interval where the emission is simultaneously observed by the BAT and the XRT. The choice of the threshold value (S/N > 30) is based on the study of Savchenko & Neronov (2009) , where they show that BAT spectra with S/N > 30 return photon indices similar to those of the complete catalog of BATSE time-resolved spectra (Kaneko et al. 2006) . After applying all these selection criteria, we ended up with a sample of 15 GRBs. Among these, we excluded GRB 130427A because data extraction for this GRB requires a nonstandard pipeline processing (Maselli et al., 2014) . The final sample includes 14 GRBs (Table 2) . In seven cases, Fermi-GBM observations are also available and have been included in the spectral analysis. The light curves of all 14 GRBs are shown in Figure 1 . In each panel we show the XRT (0.5−10 keV; red curve), BAT (15−150 keV; green), and when available also the GBM (8 − 800 keV in blue and 200 keV−1 MeV in purple) count light curves. Note that in most cases XRT observations are available during the brightest part of the prompt emission, while in the remaining few cases they cover the less intense part of the prompt phase. The redshift (available for eight GRBs) ranges between z = 0.725 and z = 2.73 (Table 2) .
3. DATA EXTRACTION AND SPECTRAL ANALYSIS 3.1. Swift-BAT and Swift-XRT data extraction
The Swift data have been processed using standard procedures, which we briefly summarize in the following. We downloaded the BAT event files from the Swift data archive 2 . We extracted the Swift-BAT spectra and light curves using the latest version of the heasoft package (v6.17). The background-subtracted mask-weighted BAT light curves have been extracted in the energy range 15-150 keV using the batmaskwtevt and batbinevt tasks in FTOOLS. BAT spectral files have been produced using the batbinevt task and have been corrected through the batupdatephakw and batphasyserr tasks to include systematic errors. Using batdrmgen, we generated different response matrices for intervals before, during, and after the satellite slew. The latest calibration files (CALDB release 2015 November 13) have been adopted.
The XRT light curves have been retrieved from the Swift Science Data Center, provided by the University of Leicester 3 (Evans et al. 2009 ). To extract the spectra, we downloaded the XRT event files from the Swift-XRT archive 4 . Since for all our GRBs XRT data are heavily piled up, data from the central region 5 have been excluded (Romano et al. 2006) . For each GRB, the size of the exclusion region has been determined so that the maximum count rate in the time interval of interest does not exceed 150 counts s −1 . We extracted source and background spectra in each time bin using the xselect tool. For each time bin, the ancillary response file has been generated using the task xrtmkarf. We excluded from the spectral analysis all channels below 0.5 keV. In order to use χ 2 statistics, energy channels have been grouped together using the grppha tool by requiring at least 20 counts per bin.
Fermi-GBM data extraction
The GBM is composed of 12 sodium iodide (NaI) and two bismuth germanate (BGO) scintillation detectors (Meegan et al. 2009 ). We considered the data from the two NaI and the BGO detectors with the highest signal. For each detector, we retrieved the data and the detector response matrices from the Fermi website 6 . We selected CSPEC data, i.e. time sequences of 128 energychannel spectra with integration time of 1024 ms each. Channels with energies in the range 8 − 800 keV and 200 keV−1 MeV were selected for the NaI and BGO detectors, respectively. The extraction of spectra and light curves has been performed using RMFIT (v4.3.2). We selected pre-and post-burst data to model the background and fit an energy-and time-dependent polynomial. Spectra and background files have been exported from RMFIT to XSPEC(v12.7.1) format in order to fit GBM spectra jointly with BAT and XRT spectra. The extraction of GBM spectra is compliant with the standard procedures adopted in the literature (e.g. Goldstein et al. 2012; Gruber et al. 2014) . Energy channels have been grouped together using the grppha tool by requiring at least 20 counts per bin.
Spectral analysis
The spectral analysis has been performed using XSPEC(v12.7.1). To account for intercalibration uncertainties between the different instruments, we introduced multiplicative factors in the fitting models. In particular, when GBM data are not available, we multiplied the XRT model by a factor left free to vary between 0.9 and 1.1. When GBM data are available, we froze to 1 the factor between XRT and BAT and multiplied the GBM model by a free factor. Inspecting the results inferred from the best-fit models, we found that in all cases the calibrations between the GBM and XRT/BAT agree within 15%.
The time intervals for the temporally resolved analysis have been defined so that in each bin the BAT S/N is larger than 30. Moreover, when possible, we redefined the time bins (provided that the criterion on the BAT S/N is always satisfied) in order not to mix the rising and decaying parts of a pulse, or, if a pulse is composed by the superposition of many spikes, in order not to mix different spikes. The analysis was applied also to the initial part of the emission, before XRT observations started. Time intervals selected for the analysis are outlined in Figure 1 with gray-shaded areas. The total number of time-resolved spectra analyzed is 128. For 86 of these, XRT data are available.
In the following, we explain in detail how the spectral analysis has been performed. First, we discuss the method adopted to account for absorption in the soft X-ray band. Then, we introduce the spectral models and the criteria adopted for the selection of the best-fit model.
Absorption model
For GRBs with known redshift, we accounted for both Galactic and intrinsic metal absorption using the XSPEC models tbabs and ztbabs, respectively (Wilms et al. 2000) . The Galactic contribution to absorption in the direction of the burst has been estimated from Kalberla et al. (2005) . The intrinsic absorption has been fixed to the value estimated from spectral analysis of late-time ( 10 4 s) XRT data (Butler & Kocevski 2007) . During XRT pulses, indeed, if the intrinsic N H is left as a free parameter, a dramatic variation (even by a factor of 10) of its value is often observed. While an increase of N H could be induced by photoionization effects of the circumburst medium by the prompt radiation (e.g. Perna & Lazzati 2002; Perna et al. 2003; Frontera et al. 2004 ), a fast decrease of N H is more difficult to explain. This could hide a temporal evolution of the spectrum, e.g. the passage of any spectral break across the XRT energy band (Butler & Kocevski 2007) . Therefore, the best estimate of N H could be obtained when there is no strong spectral evolution and the light curve is well described by a simple power-law decay. We chose the latest-available XRT time interval (provided that no spectral evolution is apparent and the light curve is well described by a power-law decay) and modeled the extracted spectrum with an absorbed power law. When extracting the late-time spectrum, we considered an integration time large enough to constrain the intrinsic N H . This value of N H has then been used as an input (fixed) parameter for the early-time spectral analysis. For GRBs with unknown redshift, the late-time X-ray spectrum has been fitted by applying the tbabs model only. We verified that in all cases the best-fit value of N H derived from this fit was larger than the Galactic value estimated from Kalberla et al. (2005) . This value of N H has then be used as a fixed input parameter for early-time spectral analysis, where this time only the tbabs model was applied.
For each GRB, the value of the intrinsic N H inferred from late-time data and the late-time interval (LTI) chosen for the analysis are listed in Table 2 .
Spectral models
Spectral models commonly applied to GRB prompt spectra include a single power law (PL), a power law with an exponential cutoff (CPL), and a Band function (Preece et al. 2000; Kaneko et al. 2006; Nava et al. 2011; Goldstein et al. 2012; Gruber et al. 2014; Bhat et al. 2016; Lien et al. 2016) . These empirical models usually return a satisfactory fit to most spectra. However, as we will show in the following, all these models are in most cases inadequate when the energy range available for the analysis is extended down to 0.5 keV by the inclusion of XRT data. Stated differently, XRT spectra do not lie on the low-energy extrapolation of the spectral shape defined by > 10 keV data. A spectral break in the soft X-ray band must be introduced in order to fit with one single spectral component the prompt spectrum from ∼0.5 keV to ∼1 MeV. We then extend the standard models (PL, CPL, and Band) to include a lowenergy break. This leads us to introduce three additional models: a broken PL (BPL), a CPL with a break at low energies (BCPL), and a Band model with a break at low energies. However, the high-energy spectral index of the Band model and that of the Band model with a low-energy break are always unconstrained. This is due to the fact that for half of the sample, GBM data are not available. Moreover, even when they are available, the relatively small S/N of the time-resolved analysis makes it difficult to constrain the value of β. The value of β is constrained in a few cases where a BPL is the best-fit model. We also tried to apply a smoothly broken power-law model with a high-energy cutoff, but we did not succeed in constraining the smoothness parameter and/or the shape of the spectrum below the break energy. Summarizing, we found that all the spectra analyzed in this work are well described (i.e., the best-fit model gives a reduced chi-square χ 2 red < 1.15, except for one case, where χ 2 red = 1.3) by one of the following four models: PL, CPL, BPL, or BCPL (see Figure 2) .
We use the following conventions. A photon index is called α if its value is larger than −2 in the notation dN (ν)/dν ∝ ν α , where dN represents the photon number (i.e., α identifies a part of the spectrum that is rising in the νF ν = ν 2 N ν representation). If there are two (consecutive) segments where the spectrum is rising (which is a common case in our analysis), we call them α 1 and α 2 . The break energy that separates these two rising power-law segments is called E break . Following the traditional notation, when the spectrum has a peak in νF ν , we refer to it as the peak energy E peak . Finally, we use the letter β when the photon index is lower than −2 (i.e., describing a part of the spectrum that is decreasing in νF ν ). We found a few cases where the photon spectral index has a value around −2. In these cases, we refer to it as β if it is smaller than -2 within 1σ error.
A schematic representation of all the models, the notation, and different cases found in our analysis is shown in Figure 2 . As can be seen in this plot, a BPL model can describe two different situations: either both indices are > −2 (α 1 and α 2 , separated by a break energy E break ), or the first index is > −2 and the second one is < −2 (in this case we call them α and β, and they are separated by the peak energy E peak ). For PL, CPL, and BCPL models, instead, we find only cases where the photon indices are > −2.
We fitted all the time-integrated and time-resolved spectra to all the models, and for each spectrum we identified the best-fit model. In general, the F − test is used to compare different models and choose the best one, but only when the models to be compared are nested (Protassov et al. 2002) . Since we are testing the exis- Figure 2 . Summary of the four spectral models adopted in this work, and definition of the adopted notation for the spectral indices and characteristic energies. Each one of the analyzed spectra is well described by one of these models. From top to bottom: a broken power law with a high-energy exponential cutoff (BCPL; green), a cutoff power law (CPL; orange), a broken power law (BPL; blue), and a single power law (PL; red). For the BPL model, we found two different cases in our analysis: both indices are larger than -2 (in this case they are called α1 and α2), or the first index is > −2 and the second one is < −2 (in this case they are called α and β, respectively). The percentages quoted next to each model name refer to time-resolved analysis for periods where XRT data are available.
tence of a new feature (i.e., a spectral break), we decided to perform a conservative analysis and set at 3σ the significance level of the F − test required to select a more complex model. In Appendix (Figure 8 ) we provide a scheme of the method applied to determine the best-fit model. We start with the simplest function (PL) and consider progressively more complex functions. A single PL can be generalized in two different ways: by adding a break or by adding a high-energy exponential cutoff. In both cases the fit obtained with the resulting model (BPL and CPL, respectively) can be compared with the PL fit through an F − test. Depending on the result of the comparison, different cases are possible:
• Neither of the two models significantly (at more than 3σ) improves the fit. In this case the best-fit model is a PL;
• Only one of the two models improves the PL fit.
We then select this model (either a CPL or BPL) and compare it to the fit performed with a BCPL, through an F −test. A BCPL model is chosen only if the improvement is significant at more than 3σ;
• Both models (CPL and BPL) improve the PL fit. First, we compare them one to each other. Note that they are not nested, and the F − test cannot be performed. Since the number of parameters is different (3 for the CPL and 4 for the BPL), if the total χ 2 of the BPL is the largest between the two, then a CPL is preferred and is compared to the BCPL. In the opposite case (χ 2 CPL > χ 2 BPL ), we separately compare each of them to the BCPL fit. If the BCPL significantly improves both of them, then we choose the BCPL. If the improvement over a CPL is significant, but the improvement over a BPL is not, it means that the spectrum has a significant break, but not a significant exponential cutoff, and a BPL is then chosen. If the opposite case is verified (BCPL is better than a BPL but not better than a CPL), it means that a high-energy cutoff is clearly present, while the low-energy break is not significant. A CPL is then chosen. The validity of this method is confirmed by the inspection, case by case, of the shape of the residuals. A peculiar situation (which is realized only in six spectra) is provided by the case when a BCPL is not improving either the CPL or the BPL fit, and one of the latter models must be chosen. In these cases, we inspect the residuals and choose the model fit for which the residuals do not show evidence of systematic trends.
We verified that for all spectra the selected best-fit model gives a reduced chi-square χ 2 red < 1.15, except for one case, where χ 2 red = 1.3 (see Figure 13 ).
RESULTS
We first present and discuss in detail the results of our analysis applied to one event, GRB 140512A, as an example. In the second part of this section, we present the results obtained by applying the same analysis to all GRBs in our sample. For all time-integrated and time-resolved spectra, the results (best-fit models, parameters, and fluxes) are reported in Table 3 .
GRB 140512A
The light curve of GRB 140512A is composed of two separated emission episodes (see the top panel of Figure 4) , which we call the first and second pulses. During the first pulse, only BAT and GBM observations are available. For the second episode (where most of the radiation is emitted) there are also XRT data. First, we discuss the time-integrated spectral analysis, which has been performed on the two pulses separately. The time intervals chosen for the analysis are shown by the cyan-shaded regions in Figure 4 (top panel). The timeintegrated spectra of each pulse are shown in Figure 3 . The spectrum of the first pulse (top left panel) is well fitted by a CPL model (solid line, χ 2 = 196.9, for 317 degrees of freedom [dof] ), which according to the F − test improves the PL fit (χ 2 = 235.0, for 318 dof) with a 3σ significance. We note that both the PL model and CPL model overfit the data, since they result in a χ 2 red < 1. A Band model does not improve the CPL fit (i.e., a highenergy power law is not required by the data). The bestfit parameters are α = −1.09 +0.12 −0.11 and E peak = 439
keV.
In the second pulse, a CPL model (top right panel in Figure 3 ) appears adequate for the description of > 8 keV data, but cannot account for the harder spectral shape characterizing the XRT band. The CPL model returns χ 2 = 613.6 (d.o.f. = 480) and shows a systematic trend in the residuals (defined as the difference between the data and the model, divided by the error, and shown in the bottom sections of each spectrum). We then allow for a spectral break at low energies and verify that a BCPL model (bottom right panel) gives a significantly better description of the data. from the spectral analysis of the data accumulated between 2.8 × 10 4 s and 3.3 × 10 5 s (see Table 2 ). For convenience, for the BCPL fit we also show (bottom left panel) the de-absorbed model and data, so that the intrinsic shape of the spectrum can be better appreciated.
The results of time-resolved spectral analysis performed on each pulse are shown in Figure 4 (middle and bottom panels, respectively). The first pulse is divided into two time bins. In both bins, the spectra are best fitted by a CPL. The second pulse is divided into nine time bins. In seven cases, the best-fit model is a BCPL. In the remaining two cases, a CPL model is chosen, because the addition of a low-energy break improves the fit with a 2σ significance, which, according to our 3σ requirement, is not sufficient to claim the presence of a break. The spectral indices as a function of time are plotted in the middle panel of Figure 4 . When the bestfit model is a BCPL, the spectral index α 2 (stars), representing the spectral shape just below the peak energy, is softer as compared to the standard value α −1, i.e., we find −1.5 < α 2 < −1. At lower energies, below the break energy, the spectral slope (squares) is higher and spans the range −0.9 < α 1 < −0.2 (this range includes . The joint BAT (green) and GBM (blue and purple, corresponding to the NaI and BGO detectors, respectively) spectrum of the first pulse (integrated from t = −21.05 s to t = 10.70 s since BAT trigger time) is shown in the top left panel. During this temporal window, XRT data are not available. The spectrum is well modeled by a CPL (black line). The other three panels show the spectrum integrated during the second emission episode (i.e., from t = 102.86 s to t = 158.16 s). In this time interval, XRT observations are available and are included in the analysis (red data points). The fits with a CPL (top right panel) and with a BCPL (bottom right panel) are shown. For this last fit, the de-absorbed model and data are shown in the bottom left panel.
the 1σ statistical uncertainty on the smallest and largest measured values of α 1 ). The break energy E break (bottom panel, pentagon symbols) assumes values between 2 and 20 keV, while for the peak energy E peak (circles) we found standard values, between 200 keV and 1 MeV. For the first six time bins of the second pulse, the spectra and their modeling with different spectral models are shown in the Appendix (Figure 9 ). The six different rows refer to the six different time bins. For each time bin, the three panels show the fits and residuals obtained with a CPL (first panel), BPL (second), and BCPL (third) model. In these six time bins, the best model is always the BCPL.
Whole sample
The results of the spectral analysis on time-integrated and time-resolved spectra for the entire sample (14 GRBs) are reported in Table 3 . For each spectrum, we report the time interval, the name of the best-fit model, the best-fit parameters, the flux, and the instruments included in the analysis.
We first comment on the results for time-integrated spectra. For almost all GRBs, two integration windows can be defined: a first one where XRT has not started observations yet (and only BAT and eventually GBM data are available), and a second one where also XRT observations are available and have been included in the analysis. We note that all time-integrated spectra ac- cumulated over epochs lacking XRT observations have best-fit functions represented by one of the standard models (PL or CPL). Conversely (with only two exceptions represented by GRB 100906A and GRB 121123A), in spectra integrated over times where XRT observations are available, a break energy E break is firmly identified (i.e., the best model is either a BCPL or a BPL with both indices > −2, and the significance of the improvement as compared to models without a break is larger than 3σ). We also performed time-resolved analysis and found that for time bins with XRT the best-fit model is a PL in 4 cases, a CPL in 17 cases, a peaked BPL in 7 cases, a BPL (with α 1 , α 2 > −2) in 31 cases, and a BCPL in the remaining 27 cases. This means that in 67% of the timeresolved spectra that take advantage of the presence of XRT observations, a break energy E break is found and is firmly constrained. The significance of the break is higher than 5 σ in 65% of cases, while in the remaining cases it is between 3σ and 5σ. For all GRBs except one (GRB 100906A) we can constrain the break energy at least in one time-resolved spectrum. Conversely, when XRT is not available, a break energy is never found, and the best-fit model is either a PL (15 cases) or a CPL (27 cases).
For the time-resolved spectra of all GRBs included in the sample, we show in Figure 5 the distributions of the best-fit parameters. We fit the distributions with gaussian functions and report the mean values and 1σ widths in Table 1 . The E peak distribution (blue histogram in the left panel of Figure 5 ) peaks at ∼ 120 keV, a value larger than that found in the BAT catalog (∼ 80 keV, Lien et al. 2016) , reflecting the fact that for half of the GRBs included in the sample GBM data are available, allowing the determination of E peak even when its value is above the BAT high-energy threshold. The inclusion of XRT data allowed us to find low value E peak < 20 keV, whose measure is usually precluded by analysis of GBM, BATSE, or BAT data alone, but whose existence has been already proven by the analysis of HETE data (Sakamoto et al. 2005 ) and X-ray flares (Butler & Kocevski 2007; Margutti et al. 2010) .
The pink histogram (left panel of Figure 5 ) shows the distribution of the break energy E break . We find that its logarithmic mean value corresponds to E break ∼ 4 keV, and its distribution spans one order of magnitude, from 2 to 20 keV. The largest value found for E break is then at the bottom edge of the BAT sensitivity range. This implies that BAT or GBM observations alone would not be sufficient to firmly reveal the presence of the break. The E break distribution covers the whole XRT energy range, down to 2 keV. Values smaller than ∼2 keV cannot be recovered.
The right panel of Figure 5 shows the distribution of the spectral indices. We distinguish between α CPL , α PL , α 1 , and α 2 (see their definition in Figure 2 ). The distribution of β (not shown) is flat and ranges from -2 to -3. Consistently with previous spectral catalogs, the mean value for α CPL is around -1, and the mean value of α PL is softer, around -1.5 (see Table 1 ). When E break is identified in the spectrum, the slope below and above the break (α 1 and α 2 , respectively) can be defined. Their mean values are α 1 = −0.66 (σ = 0.35) and α 2 = −1.46 (σ = 0.31). Remarkably, these mean values are very close to expectations from synchrotron emission in a regime of fast cooling: α syn 1 = −0.67 and α syn 2 = −1.5 (vertical dashed lines). This naturally leads us to identify the peak energy E peak with the characteristic synchrotron frequency corresponding to the minimum frequency ν m of the nonthermal accelerated electrons, and the break energy E break with the cooling break frequency ν c . However, we note that the distributions are wide and there are 14 cases with α 1 > −0.67 (at more than 1σ), which cannot be interpreted as nonthermal emission spectra.
We note that the distributions of data points in both panels of Fig. 6 lie far from the equality line. The gap between the points and the line could be, in principle, filled with points, but if E peak and E break are very close to each other, it is hard to distinguish them and find α 1 and α 2 from spectral analysis.
Correlations among model parameters are investigated in Figure 6 . For those spectra where both E break and E peak are constrained, the two quantities are plotted one versus the other in the left panel. Note that E peak spans over two decades, while E break is confined to a narrower range (one order of magnitude). This narrow range is clearly limited by the instrument energy threshold: values smaller than ∼ 1 keV cannot be recovered. An upper bound to E break in principle is not present. The lack of break energies in excess of 20 keV might then suggest that these values are intrinsically not present, which would also explain why these breaks have not been identified so far, with instruments sensitive at energies from 8 keV up.
In the right panel of Figure 6 , circles show the relation between α 1 and α 2 for spectra modeled either a BCPL or a BPL with both indices larger than -2. Cases where the best-fit model is a BPL with a high-energy index smaller than -2 are shown with squares, and refer to α versus β.
For each time-resolved spectrum, we also estimate the unabsorbed flux, in the energy range 0.5 keV -10 MeV. When the GBM data and/or XRT data are not available, this requires an extrapolation of the best-fit model up to 10 MeV and/or down to 0.5 keV. If the best-fit model is a peaked (in νF ν ) function, we perform the extrapolation. The value obtained (and its error) is reported in Table 3 . When the peak energy is not constrained, we estimate a lower limit and an upper limit to the 0.5 keV -10 MeV flux, and report their values in Table 3 within square brackets. The lower limit is estimated by integrating the best-fit model only in the energy range where data are actually available (i.e., no extrapolation is performed). The upper limit is instead estimated by extrapolating the best-fit model up to 10 MeV and/or down to 0.5 keV. Figure 7 (left panel) shows the peak and break energies as a function of the flux. It has been shown in several studies (Ghirlanda et al. 2010 (Ghirlanda et al. , 2011a that in single GRBs a correlation between the time-resolved E peak and the instantaneous flux is present. We mark different GRBs with different colors and verify that such a correlation is present also in our sample (circles). The investigation of the existence of a similar correlation also for E break (stars) is more difficult, given the small range spanned by E break and the smaller number of points. For the subsample of GRBs with measured redshift, we estimate the rest-frame characteristic energies (E Mpc −1 has been adopted for the estimate of the luminosity distance.
5. DISCUSSION
Reliability of the analysis
The necessity to introduce low-energy breaks in the spectral models is motivated by a hardening of the spec- The fact that the value of E break ranges from 2 to 20 keV and varies with time during a single GRB might suggest that these breaks are intrinsic features. In any case, to test how robust are our results against possible absorption and pileup effects, we performed a series of tests, which confirmed the solidity of our claim on the spectral hardening at low energy. We briefly summarize here the tests performed and the results obtained; see Appendix D for more details. A hardening in the observed soft X-ray spectrum can be caused by pileup effects when two or more low-energy photons are detected as one single photon of higher energy. To avoid this effect, we excluded a region at the center of the PSF, large enough to lower the maximum count rate down to 150 counts s −1 , so that effects of pileup are negligible (Romano et al. 2006) . A simple test consists in further lowering the maximum count rate and verifying that the results of spectral analysis do not change. We applied this test to one bright event (GRB 140206A) and two fainter events (GRB 110102A and GRB 140512A) and found that the results are unchanged: by progressively decreasing the maximum count rate down to 70 counts s −1 , the presence of a spectral break in the XRT band is always significant. Moreover, we find that, within the errors, its location is unaffected. In Appendix D, we show as an example the . Correlations among best-fit parameters for time-resolved spectra. Left panel: peak energy E peak vs. break energy E break for spectra in which both spectral features are constrained (i.e., spectra fitted by a BCPL). Right panel: α1 vs. α2 (circles) for those spectra best modeled by either a BPL or a BCPL. Squares symbols show instead α vs. β for cases where the best fit is a BPL with high-energy index < −2. In both panels, the solid blue line shows the identity line. results of this test applied to one time-resolved spectrum taken from GRB 140512A (Table 4) . A spurious hardening in the soft X-ray band can also be caused by an incorrect estimate of the amount of absorption by neutral hydrogen. Absorption is energy dependent and can then produce a curvature in the observed spectrum below a few keV, depending also on the redshift of the source. There is then a degeneracy between the amount of absorption and the intrinsic spectral curvature. If absorption is underestimated, a curvature in the spectral model must be introduced in order to model the data. Conversely, to fail in recognizing the presence of a spectral break/curvature and/or spectral evolution in the intrinsic spectrum leads to overestimating the value of N H (Butler & Kocevski 2007) . In our analysis, we have estimated the column density from late-time X-ray spectra, selecting a region where the light curve decays in time as a power law and the photon index is roughly constant. The derived value has then been used as a fixed input parameter for the joint XRT+BAT spectral analysis.
In order to test whether an underestimate of the N H is at the origin of the spectral breaks we found, we propose two different tests, which we have applied to GRB 140206A, GRB 110102A, and GRB 140512A. As an example, we show in Appendix D the results of these tests applied to the time-averaged spectrum of GRB 140512A integrated from 102.86 to 158.16 s (corresponding to the second pulse). In the first test, we considered the intrinsic absorption as a free parameter, rather than fixing its value to the one found from spectral analysis of late-time data. We modeled the spectrum with both CPL and BCPL models and we found that adding a low-energy break significantly improves the fit at more than 8σ (see Figure 10 ). In the second test, we compared the CPL and BCPL fits obtained after excluding the X-ray data below 3 keV. Also in this case, an F − test reveals that the presence of the break is statistically significant (6σ; see Figure 11 ).
Comparison with previous studies
XRT+BAT joint spectral analysis of simultaneous observations has been already performed in several studies. However, to our knowledge, this is the first time that break energies in the XRT energy range are found and are identified as a common feature. In this section we address the question why this X-ray hardening -which, according to our investigation, appears to be a common feature -has never been reported before.
For GRBs in our sample for which the XRT+BAT joint spectral analysis has been already performed and published in previous papers, we report in Appendix E a detailed comparison between previous model fits and the fits proposed in this work. Here, we summarize the results of such a comparison. We found that in some cases breaks have been indeed identified in studies focusing on single GRBs Starling et al. 2008; Zheng et al. 2012) . Systematic studies of larger samples of GRBs whose flaring activity was detected simultaneously by BAT and XRT have been performed by (Friis & Watson 2013) and (Peng et al. 2014 ). These analyses proposed, for most of the spectra, a two-component model including a blackbody (BB) and a nonthermal component (see also a similar model proposed by Guiriec et al. 2016b to explain the spectrum of GRB 110205A). The reason why two completely different models can both account for the same data can be understood from Figure 12 , showing the same spectrum fitted with a BPL (left panel) and with a BB+PL (right panel). In general, the role of the BB is to contribute to the flux at intermediates energies, while the PL segment of the nonthermal component dominates at low and high energies. The total spectrum then mimics the shape of a BPL.
To better compare the two different interpretations (one-component models invoking breaks [B(C)PL] and two-component models including a BB and an unbroken nonthermal component [BB+(C)PL]), in Appendix E we consider all time-resolved spectra for which we found the presence of a spectral break and refit them with a BB+(C)PL.
We find that in these fits the role of the BB is to contribute to the flux at low energies, modifying the low-energy PL behavior of the nonthermal component producing an overall change in the spectral slope. The empirical fitting function proposed in this work suggests an alternative description of the data, where the overall spectrum can be modeled with one single component (nonthermal with a low-energy break), with a spectral shape resembling the one predicted by the synchrotron model. A simple comparison of the reduced chi-square values ( Figure 13) shows that both models return acceptable fits, with a tendency of single-component models proposed in this work to give a smaller chi-square. We stress that a completely different case is represented by GRBs where a BB component has been clearly identified (Ghirlanda et al. 2003 (Ghirlanda et al. , 2013 Ryde et al. 2010; Guiriec et al. 2016a) , and dominates the emission (typically in the initial phase of the prompt). The presence of a thermal component in a small fraction of GRBs is not called into question by our findings. Conversely, however, we suggest that the addition of a blackbody component when not explicitly required can hide important features, such as spectral breaks, which might shed light on the nature of the dominant emission mechanism in GRB prompt radiation.
In general, we conclude that similar studies on the same GRBs have failed in recognizing that GRB spectra at low energy are characterized by a change in slope consistent with the synchrotron fast-cooling model for several reasons. First, a peak and break feature have rarely been introduced in the fitting model at the same time. Moreover, even when a BPL or a Band model with β > −2 has been identified as a best fit model, the feature has been often referred to as peak energy (Peng et al. 2014) . In other cases, the change in slope at a few keV has been interpreted as being caused by the contribution of an additional, thermal component with a temperature at ∼ 1 keV. More importantly, even in analyses recognizing the break feature, the study has been performed on one single GRB Starling et al. 2008; Zheng et al. 2012) .
Finally, several studies have focused on joint XRT+BAT spectra with the aim of investigating X-ray flare spectral properties, focusing on the question of the evolution of the peak energy down to the XRT energy range (Butler & Kocevski 2007; Margutti et al. 2010) . Our requirement to have bright signal in BAT probably excluded these cases and selected cases where the spectral peak is still in the BAT energy range and where XRT is observing a large part of the prompt emission, rather than the late-time flaring activity.
Interpretation
The hard photon index (N ν ∝ ν −1 ) describing prompt emission spectra at low energies represents a serious challenge for an interpretation in terms of synchrotron radiation. In the standard synchrotron fast-cooling model, the spectrum below the νF ν peak is expected to have a softer index (-3/2), which hardens only at even lower energies, reaching the limiting value -2/3 below the cooling break frequency (Preece et al. 1998; Ghisellini et al. 2000) . A marginally fast cooling regime (i.e. a situation where ν c ν m rather than ν c << ν m ) has been considered as a possible solution to the inconsistency between the expected and measured photon index (Derishev 2007; Daigne et al. 2011; Beniamini & Piran 2013; Uhm & Zhang 2014) . In the context of prompt emission, a theoretical prediction of the location of the cooling break frequency and of the ratio ν c /ν m is difficult to make, given the large uncertainties on the properties of the emitting region, such as dissipation radius, bulk Lorentz factor, magnetic field, and particle acceleration mechanism and efficiency. Daigne et al. (2011) showed that if 0.01 < ν c /ν m < 1, the spectrum displays a continuous curvature toward the value -2/3. In this case, between ν c and ν m a PL behavior with index -3/2 provides a satisfactory description of the spectrum only in a very narrow range of energies. Only well below ν c will the spectrum be satisfactorily approximated by a PL, with index -2/3. In this case, the spectral index inferred from spectral analysis does not necessarily need to be equal to -1.5: its value will depend on the relative location of ν c , ν m , the low-energy threshold of the detector, and also the empirical fitting function adopted to model the data.
Even though such a situation can in principle explain why we do not typically observe the value -3/2 and why the inferred slope is higher than this expected value, the question now is what are the physical conditions required to attain a regime of marginally fast cooling and whether such a conditions are realistic. Daigne et al. (2011) addressed this question and found that a regime of marginally fast cooling can be obtained for small radii, and/or large Lorentz factors, and/or small magnetic fields. A similar study on physical conditions leading to ν c ν m is discussed also in Beniamini & Piran (2013) , and in Beniamini & Piran (2014) in the context of magnetically dominated jets. These studies have assumed a homogeneous magnetic field and an instantaneous, one-shot acceleration. Other scenarios leading to a similar spectral shape invoke a magnetic field that decays downstream with a strength that depends on the distance from the shock front (Derishev 2007 
CONCLUSIONS
To more properly characterize the shape of the prompt spectra at low energy, where observations are in tension with the theory, it would be very beneficial to dispose of observations extending well below the low-energy threshold of instruments dedicated to prompt emission studies (typically ∼ 10 − 20 keV). This can be done in several fortunate cases thanks to XRT observations of prompt emission. With the aim of improving our knowledge on the shape of the low-energy part of the prompt spectrum, we looked for cases where the XRT started observations during the prompt emission. For these GRBs, simultaneous XRT and BAT spectral data allowed us to study the prompt emission (or part of it; see Figure 1) down to 0.5 keV. We selected events where the emission in the BAT is bright enough to allow reliable time-resolved spectral analysis in at least four temporal bins. Fourteen long GRBs satisfy the selection criteria. In 12 cases, we found robust evidence for a change in the spectral slope around a few keV. Fermi-GBM observations, available for seven GRBs, have been included in the spectral analysis. The list of GRBs and their redshift (available for eight events) is reported in Table 2 . Their BAT and XRT (and, if available, also GBM) lightcurves can be found in Figure 1 . In 10 cases, the XRT is observing the main emission episode, while in the remaining four GRBs, the XRT is observing secondary peaks.
For all 14 GRBs in our sample, we have performed time-integrated (26 time bins) and time-resolved (128 time bins) spectral analysis, covering the entire prompt emission. For time bins where XRT observations are not available, we found standard results: the spectra are well modeled by a single PL or a CPL. The peak energy and spectral index distributions ( Figure 5 ) are consistent with those derived from spectral analysis of larger samples of BAT and GBM GRBs. In particular, when the peak energy is constrained, the low-energy index α has a distribution peaked around −1 (see α CPL in the right panel of Figure 5 and in Table 1 ). The value of the spectral index is instead softer when the best-fit model is a single PL: α PL −1.5. Both results perfectly agree with spectral index distributions derived in spectral catalogs of BAT (Lien et al. 2016 ) and GBM (Gruber et al. 2014 ) long GRBs.
The situation is different for temporal bins where XRT observations are available. The spectra in the whole energy range (0.5 − 150 keV or 0.5 − 1000 keV) can still be fitted by one single spectral component, but in the 67% of the cases a low-energy break must be added to the empirical fitting function, resulting in a significant (more than 3σ) improvement of the fit (see an example in Figure 3 , right panels). This led us to introduce two additional spectral models: a cutoff PL with a low-energy break (BCPL), describing cases where both the low-energy break E break and the peak energy E peak are constrained (31% of time-resolved spectra with XRT data), and a BPL with both indices α 1 , α 2 > −2 (36%), describing cases where E break is constrained, while E peak falls near or above the high-energy threshold, and cannot be determined. A summary of the models and notation chosen for the model parameters can be found in Figure 2 .
This systematic difference between best-fit models in spectra with and without XRT observations suggests that our knowledge of the prompt emission spectral shape is usually limited (and possibly biased) by the lack of low-energy observations. The results of spectral analysis down to 0.5 keV revealed that the typical GRB spectrum has two characteristic energies (E break and E peak , with E break < E peak ) and three power-law segments (α 1 , α 2 > −2, and β < −2). We speculate that this result might be quite general: the sample investigated in this work has been selected based on the main requirement of simultaneous XRT and BAT observations of the prompt emission (and relatively bright BAT emission). The selected GRBs have fluences and energies in the range 7 × 10 −6 − 8 × 10 −4 erg cm −2 and 6 × 10 52 − 3 × 10 54 erg, respectively, indicating that these are not necessarily the brightest events. Their light curves differ in morphology one from the other, and the redshift spans the range z = 0.725 to z = 2.73. From the point of view of temporal properties, energetics, and redshift, these GRBs do not seem to belong to a subclass of peculiar events.
In the sample studied in this work, the break energy E break has a distribution peaked around 4 keV in the observer frame (10 keV in the rest frame), and the peak energy E peak has a distribution peaked around 120 keV in the observer frame (300 keV in the rest frame). The typical ratio E break /E peak is around 0.03. It is very likely that the observed distribution of E break is significantly biased by the fact that values smaller than ∼ 2 keV cannot be constrained. It is very tempting to associate these characteristic energies with the synchrotron cooling and typical frequencies ν c and ν m . This is supported by the average values of the photon indices. In a synchrotron context, the expected values are α 1 = −2/3 below ν c and α 2 = −3/2 between ν c and ν m . From spectral analysis we found α 1 = −0.66 (σ = 0.35) and α 2 = −1.46 (σ = 0.31).
In the synchrotron-prompt emission scenario, the physical parameters of the emitting region have not been constrained yet. Observations of typical prompt fluxes, peak energies, and timescales are not enough to constrain all the unknown parameters governing the physics of acceleration, dissipation, and emission. Studies that use observations to constrain the theory can only identify an allowed parameter space (Kumar & McMahon 2008; Daigne et al. 2011; Beniamini & Piran 2013 . These studies can now take advantage of an additional, important constraint: the location of the cooling break frequency. Further constraints on the properties of the emission region (dissipation radius, strength of the magnetic field, Lorentz factor, particle acceleration) can be derived. Implications for physical models coming from the location of the cooling break at ∼ 10 keV will be treated in an upcoming work in preparation.
Even though the spectra are qualitatively consistent with synchrotron radiation, additional studies are required to firmly assess the consistency of data with theoretical expectations from the synchrotron process. Recent studies have pointed out the importance of reproducing also the narrowness of the spectral shape (Beloborodov 2013; Axelsson & Borgonovo 2015; Yu et al. 2015; Vurm & Beloborodov 2016) , arguing that most prompt emission spectra are too narrow to be reproduced by synchrotron radiation, even in the limiting case of a Maxwellian electron distribution. Moreover, it is unclear how spectra with a low-energy photon index higher than -0.67 (present both in this sample and in the BATSE and GBM GRB catalogs) can be reconciled with the synchrotron scenario. While the results found in this work clearly show that a spectral break is present in the keV range, the interpretation of the spectral shape in terms of synchrotron radiation (although encouraged by the average values of the photon indices) demands a more quantitative investigation. Table 3 . Best-fit parameters for time-integrated and time-resolved spectra. The table lists the time interval (since the BAT trigger time), the best fit model (PL=power-law, CPL=cutoff power-law, BPL= broken power-law, BCPL=broken power-law with a high energy cutoff), the best fit parameters (columns 3 to 7, for a definition see Figure 2 ), the flux F (or its lower and upper limits, in square brackets), integrated in the energy range 0.5 keV -10 MeV, the total chi-square χ 2 , and the degrees of freedom (d.o.f.). The last column reports the instruments included in the spectral analysis: X=XRT, B=BAT, G=GBM. Time bins marked with a bold font identify time-integrated spectra. Figure 8 . Flow chart summarizing the procedure adopted to select the best-fit model among four models: power law (PL), cutoff power law (CPL), broken power law (BPL), and broken power law with high-energy cutoff (BCPL). The selection proceeds from left to right. The nodes represent the models that are compared using the F − test (except for the case CPL-BPL, where models are not nested and the total chi-square is compared). Next to the arrows it is reported the model chosen as a result of the comparison is reported. There is a special case in the scheme where there is no possibility to find statistical difference between CPL and BPL models and select the best-fit model on the basis of the chi-square or F − test. In this case (which occurred six times) visual inspection of the residuals is adopted.
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C. TIME-RESOLVED SPECTRA OF GRB 140512A 
D. TESTING THE EFFECTS OF N H AND PILEUP ON THE RESULTS
In this section, we test how pileup effects and intrinsic absorption in the soft X-ray energy band can affect the results on the presence of the low-energy break. We have performed systematics tests on the spectra of three GRBs: GRB 140206A, GRB 110102A, and GRB 140512A. The tests performed showed that the results are robust: the corrections adopted for pileup are sufficient to remove any spurious effect on the spectral shape at low energy, and the estimates of N H are not responsible for the need of an intrinsically curved spectrum in the XRT band. In the following, we explain in detail the tests applied and we show, as an example, the results obtained on GRB 140512A.
D.1. Pileup
The spectra of bright X-ray sources, like the ones in our sample, observed by the Swift/XRT instrument in WT mode might be heavily piledup and very accurate corrections are needed in order to extract clean spectral files. For the analysis presented in this work, we adopted the following method. We excluded the central region of the X-ray images, in order to have a maximum count rate smaller than 150 counts s −1 . To check whether this is enough to avoid contamination from pileup effects, one possibility is to further reduce the maximum count rate (i.e. excluding an even larger region), repeat the spectral analysis, and verify whether the results are affected. In Table 4 we show the results of this analysis applied to one time-resolved spectrum taken from GRB 140512A (128.46-133.58 s). With a maximum count rate of 150 counts s −1 , we found that the best-fit model is a BPL with α 1 = −0.76
0.14 , α 2 = −1.45
0.04 , and E break = 6.1 +2.2 −1.6 . We progressively decreased the maximum count rate and refitted the spectrum with all four spectral models. We performed the F − test to compare models with and without a low-energy break and verified that even when the count rate is reduced to 70 counts s −1 (where pileup is completely negligible) the presence of a break is still significant at more than 3σ. 
D.2. Intrinsic Absorption
In order to exclude a possible influence of intrinsic absorption on the low-energy breaks found in this work, we perform two different tests. In the first test, we consider the intrinsic absorption a free parameter and refit the data with a CPL and a BCPL models. We then perform the F − test to compare the two different fits and verify the significance of the improvement obtained thanks to the addition of the break. An example is proposed in Figure 4 and refers to the time-averaged spectrum of the second emission episode of GRB 140512A. Even when the intrinsic absorption is a free parameter, the addition of a break improves the fit at more than 8σ (see Figure 10 ).
In the second test, we exclude XRT data below 3 keV, and refit the data. Also in this case, a break in the spectrum is still required by the data. Taking again the second emission episode of GRB 140512A as an example, we find that a BCPL improves the fit as compared to the CPL at more than 6σ (see Figure 11 ).
E. COMPARISON WITH PREVIOUS STUDIES E.1. GRBs in Our Sample
For most of the GRBs included in our sample, the analysis of XRT+BAT spectral data has already been published in the literature. In this section, we discuss, case by case, the modeling proposed by different authors, as compared to those proposed in this work. Time-integrated spectrum of GRB 140512A during the second pulse, fitted by CPL (left) and BCPL (right) models with intrinsic NH as a free parameter. The value of the chi-square is reported in the upper left corner of each panel. The addition of the low-energy break improves the fit with a significance level corresponding to 8.1σ. A systematic analysis of GRBs with prompt XRT+BAT observations has been performed by Peng et al. (2014) (hereafter P14). A comparison with our findings is not straightforward, since the methods for data extraction and modeling are quite different. First, P14 considered intrinsic absorption as a free parameter. Moreover, they never discuss correction for the pileup effect, and it is not clear whether and how pileup has been treated.
Time bins chosen for the analysis also differ from those chosen in our work. The spectral models tested by P14 are a single PL, a blackbody plus a PL (BB+PL), and the Band model. Sometimes, fits are performed by fixing to -1 the value of the low-energy spectral index. With these differences in mind, we report in the following a comparison between our modeling and the modeling proposed by P14 for the 10 GRBs common to both studies. In P14, the spectra of GRB 060814, GRB 061121, and GRB 100725A are fitted by BB+PL. The PL dominates at low and high energies, and the BB contributes to the flux at intermediate energies. In our analysis we proposed that the best-fit model for these three GRBs is a BPL. We choose one of these GRBs (GRB 060814) as an example, to understand how two apparently completely different interpretations (a BPL and a BB+PL) can both give a satisfactory description of the same data, and perform spectral analysis with the two different models: a BPL and the combination of a BB plus a PL (Figure 12 ). To be consistent with the method applied by P14, we leave the intrinsic N H free to vary and choose the same time interval analyzed by P14 (from 121 to 151 s). Both modelings return an acceptable fit: the reduced chi-square values for the BPL and BB+PL are χ 2 BPL = 1.01 and χ 2 BB+PL = 1.04, for the same number of degrees of freedom. First, we note that, even though the value of the intrinsic N H is a free parameter, a BPL model returns a well-constrained break energy E break = 4.54 +3.48 −1.56 keV. The BB+PL fit returns a BB temperature kT = 1.80 +1.00 −0.60 . The role of the BB is to contribute to the emission at intermediate energies, producing a deviation from a single PL behavior between 4 and 8 keV. The overall shape of the BB+PL model mimics than a BPL behavior. We verified that the same explanation applies to the other two GRBs in our sample for which P14 claim the presence of a BB.
For GRB 100619A and GRB 110102, the best fit proposed by P14 is a Band function with β > −2, and E peak around 10 keV. Since β > −2 the characteristic energy cannot be properly identified with the spectral peak energy and must be more properly identified with what we called in this work the break energy, making their analysis of these two GRBs consistent with the one proposed in this work. Also, the analysis of GRB 100906A is consistent, since for this GRB we also find a peak energy but no evidence of a break energy. For GRB 100728A and GRB 121123 the differences can also be easily understood: the break energy is very small (2 keV) and can be hardly constrained (see also Abdo et al. 2011) , especially in the time interval studied by P14. There is agreement instead on the measure of E peak , which is large in the first case, and can be constrained only thanks to the inclusion of GBM data, and is around 50 keV in the second GRB. Similar considerations hold for GRB 140206A: the small value of E break during the temporal window studied by P14 makes it difficult to recognize the presence of a break, while the peak energy, inside the BAT range, is constrained in both their and our analysis to be around 100 keV. Finally, a strong break around 7-8 keV is found in this work in the spectrum of GRB 140108A, while in P14 it is claimed that the best model is a single PL. However, their spectrum is mainly accumulated over a time where we also find that the best fit is a PL, with the very same slope reported by P14 (-1.4).
We conclude that the analysis either is consistent or differs owing to the interpretation of the X-ray hardening as the result of a combination of two different components, one of which is assumed to be a BB in P14. Comparison between these two different interpretations is discussed in more detail in Appendix E.2. E.1.1. −0.14 , and a break energy varying in time in the 1 − 6 keV range (see their Figure 5 ), in agreement with the analysis reported in this work. The XRT+BAT time-averaged spectrum has been considered also by Peng et al. (2014) and Friis & Watson (2013) . They proposed a model composed of a single PL plus a BB with kT ∼ 3 keV. As discussed before, we then believe that the same change of spectral slope is found also in these studies, but is interpreted as the result of the composition of two different spectral components (see below for further details).
E.1.2. GRB 070616
In our analysis, this GRB is best fit by a BCPL, with E break ranging between 8 and 3 keV and E peak evolving from 170 to 16 keV. The joint XRT+BAT time-resolved spectral analysis of this GRB has been performed also by Starling et al. (2008) . They tested both a BPL and a Band model and found that they are both acceptable, though the χ 2 of the Band model is systematically higher (see their Table 2 ). Their BPL fit identifies a break in the range 4-8 keV, in agreement with our findings. Their Band fit identifies a peak energy in the range 135 to 14 keV, also in agreement with our findings. A model including both features (i.e. a low-energy break and a high-energy peak) is never tested by these authors.
E.1.3. GRB 110205A
We find a break energy around 4-6 keV, and a peak energy at ∼ 100 keV. The peak energy is constrained only in two time-resolved spectra (GBM observations are not available for this GRB). In Zheng et al. (2012) joint Swift/XRT+BAT and Suzaku/WAM timeresolved spectra are best fitted by a Band function with a high-energy exponential cutoff. The photon indices below and above the break energy vary in the ranges −0.8 < α 1 < −0.1 and −1.8 < α 2 < −1.2 (within 90% confidence level). The break energy is found to be located at ∼ 5 keV. These best-fit parameters estimated in Zheng et al. (2012) with an inclusion of Suzaku/WAM observations are consistent with our spectral fit. An alternative modeling has been proposed by Guiriec et al. (2016b) , who included also data from Suzaku/WAM. Their modeling is composed of the superposition of three spectral components: a modified blackbody and two CPL. The reason why two completely different modelings can both give a good fit to the data is clear from Figure 2 in Guiriec et al. (2016b) : their best-fit model (black line), which in their interpretation is the sum of three different components, can be alternatively seen as a single component from X-rays to MeV energies: a broken power law with a high-energy cutoff (BCPL). A change of slope around 5 keV is clearly visible also in their data. The difference then is not in a different extraction/analysis of the data, but in a different interpretation of the same spectral features. However, a BCPL model does not reproduce the optical emission and would require an additional component at low energy. The three-component model proposed in Guiriec et al. (2016b) explains both the optical and the gammaray emission.
E.2. Thermal Components
A two-component model, including a BB and a nonthermal component, has been often suggested to describe XRT+BAT spectral data. To compare this interpretation with the one-component models proposed in this work, we considered all time-resolved spectra for which we claim the presence of a keV spectral break and refit them with a BB+PL or BB+CPL model. We chose the best fit among BB+PL and BB+CPL by adopting an F − test and requiring a significance level of at least 3σ. The results of this analysis and comparison with our one-component models are shown in Figure 13 . We plot the reduced chi-square of models with a BB component (y-axis) versus the reduced chi-square of models without a BB component (i.e., either a BPL or a BCPL). Gray filled circles identify those cases where the best fits for models without and with a BB component are a BPL and a BB+PL, respectively. In this case, the number of dof for the two different fits is the same. Red filled circles refer to cases where the best-fit models are a BPL and a BB+CPL: in these cases the models with a BB component have one more free parameter. Blue filled circles refer to cases where the best-fit models are a BCPL and a BB+CPL (same dof). The comparison shows that both modelings return acceptable fits in terms of reduced chi-square, with a tendency of single-component models to give a smaller value. We note that when the best-fit model is a BPL, in most cases the alternative model invoking a BB component also requires the addition of a high-energy cutoff, i.e., the nonthermal component is not a simple PL, but a CPL (red filled circles in Figure 13 ). The high-energy cutoff is required because a simple PL would be too hard at high energies, overpredicting the flux around 100-150 keV. A cutoff is then required to suppress the predicted flux. The actual pres- BPLvsPL+BB BPLvsCPL+BB BCPLvsCPL+BB Figure 13 . Comparison between the reduced chi-square of models adopted in this work (labeled as Models without BB component; x-axis) and models invoking the presence of a thermal component plus an unbroken nonthermal component (labeled as Models with BB component; y-axis). Each point represents one of the time-resolved spectra for which we claim the presence of a break in the ∼keV range. Gray filled circles refer to cases where, according to our analysis, the best-fit model is a BPL, while if a BB is included, the best-fit model is a BB+PL. The number of dof for the two different modelings in this case is the same. Red filled circles show cases for which the best-fit models are a BPL and a BB+CPL for models without and with a thermal component, respectively. In this case the model including a BB has one more free parameter. Blue filled circles show cases where the best-fit models are a BCPL and a BB+CPL (same number of dof), for fits without and with a thermal component,respectively.
ence of the peak energy identified by the BB+CPL fits can be tested with data at higher energies (> 150 keV) when Konus-Wind and/or Suzaku/WAM data are available (GBM data are not available for these GRBs). We found that, for GRB 061121, BB+CPL timeresolved fits between 62 and 90 s require peak energies in the range of 143-423 keV, while, according to KonusWind data, the time-averaged spectrum from 61.9 to 83.4 s peaks at E peak = 606 +90 −72 keV ). For GRB 070616, spectra between 138 and 210 s can be fitted by BB+CPL with peak energies between 91 and 139 keV, while the addition of Suzaku-WAM data shows that the spectrum integrated between 133 and 159 s peaks at E peak = 356 ± 78 keV (Starling et al. 2008) . For GRB 110205A, three time-resolved spectra at 160-193 s, 193-210 s, and 240-350 s can be fitted by the BB+CPL model with peak energies at 58-98 keV. The time-integrated spectrum observed by Konus-Wind (up to 330 s) is fitted by CPL with peak energy 222 ± 74 keV (Golenetskii et al. 2011 ). The spectrum observed by Suzaku/WAM jointly with Swift/BAT from 20.2 to 318.2 s is fitted by CPL with E peak = 230 +135 −65 keV ). In the context of models including a thermal component, XRT+BAT+WAM data for this GRB have been fitted by Guiriec et al. (2016b) . They find that a third nonthermal component is necessary in order to explain the peak at ∼ 200 keV. Finally, for GRB 130907A two spectra at 71-79 s and 220-250 s can be fitted with BB+CPL with peak energies at 323 and at 95 keV. The time-averaged spectrum observed by the Konus-Wind experiment up to 206 s shows has a peak energy of 394 ± 11 keV (Golenetskii et al. 2013) . A proper comparison would require spectral analysis on the same temporal bin. However, at least in some cases, it seems evident that the BB+CPL fits predict a peak energy that is in conflict with spectral data available at higher energies.
